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CHAPTER I

INTRODUCTION

Nucleic Acids

Ribonucleic acid (RNA) may be depolymerized by various hydro-
lytic means to give a mixture of nitrogenous bases, a pentose and
inorganic phosphateo192 Desoxyribonucleic acid (DNA) also can be
degraded to 2 similar mixture of these fragments. These three groups
of hydrolysis products are isolated in the ratio of one mole of the
base mixture, to one mole of pentose to one mole of plrosphate. Two
major differences between the hydrolysates of RNA and DNA can be

noted. Firstly, DNA produces adenine, guanine, cytosine and thymine

as its mixture of bases whereas RNA gives adenine, guanine, c¢ytosine

-and uracil, Secondly, and more germane to this work; DNA yields the

pentose, D-2-desoxyribose whereas RNA gives D-ribose. D-2-desoxyribose
and Déribdse are identical structurally except that the hydroxyl group
in the 2 position of the sugarlfing of D-ribose has been replaced by
a hydrogen atom in D~2Tdé§oxyribose°
The structure of the nucleic acid chain in DNA and RNA is made
up of a backbone of the appropriate pentose; linked at the 3'- and 5 -posi-

tions by diesterified phosphoric acid moieties. The heterocyclic nitrogen

1Eo Chargaff and J. N. Davidson, in "The Nucleic Acids," Academic
Press; New York, New York, 1955, pp. 1 - 30.

2Ru F. Steiner and R. F. Beers, Jr., in "Polynucleotides,”
Elsevier Publishing Co., New York, New York, 1961, pp. 1 - 15,




bases-are-attachéd to.the pentose by a’‘glycosidic linkage at the

1' -carbon of the. ‘sugar fing (Figure 1). Despite the considerable
structual similarities between RNA and DNA noted above, the two sub-
stances exhibit a marked difference in reactivity to mild basic
hydrolysis. If RNA is subjected to mild alkaline hydrolysis, it is
readily degraded to fragments called nucleotides, which would be con-
sidered monomers if compared to a simple polymeric system.,3 These
nucleotides are phosphate monoesters in which the phosphoric acid
fragment is linked to the sugar ring at the 2'- or 3 -position and the
nitrogen base is left unaffected (Figure 1). DNA, however, is stable
to similar basic hydrolysis as are most diesters of phosphoric acid.4
The reason for this profound difference in reactivity between DNA and
RNA lies at the 2' -hydroxyl group which DNA lacks. To understand this
fully it is necessary to go back to research performed upon other phos-

phate esters.

Historical Background

In 1935 Bailly and Gaumé showed that whereas g-glyceryl phos-
phate is stable to-alkaline hydrolysis, g~-glyceryl methyl phosphate
reacts to give methanol and a mixture of g- and B-glyceryl phos-

phates,- No methyl phosphate was ob'tainedo5 Bauer and Kates reported

3In nucleosides, nucleotides and nucleic acids primed numbers
refer.by convention to positions on the sugar residues; unprimed numbers
refer to positions on the nitrogen base.

4Gs Kosolapoff, in "Crganophosphorus Compounds," John Wiley and
Sons;, Inc., New York, New York, 1950, p. 233.

%0, Bailly and J. Gaumé, Bull, soc. chim, France, 2, 354
(1935).




A Ribonucleic Acid

Figure 1.

A Cyclic Nucleotide A Mixture eof
Intermediate 2t and 3
Nucleotides

Hydroxide Ion-catalyzed Hydrolysis of
Ribonucleic Acid. B Represents Adenine,
Quanine, Gytosine or Uracilo
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similar Tesults with gaglyceryl cholyl phosphate in which the only
ph65pﬁéﬁés re;overed were a- and B-glyceryl phosphateso6 In an
attempt-to account for the unusual reactivity of thg a-glyceryl methyl
phosﬁhafé to base and sUspectinthhat-the g-hydroxyl was involved,
Bailly and Ggpmg-prepared B-methoxyethyl methyl phosphate and B-hydroxyl-
ethyl dimqthyi phosphétea The E-methoxy triester reacted in base as
expected to give B-methoxyethyl methyl phosphate diester which was
resistant to further hydrolysis. The B-hydroxyethyl methyl diester,
however, showed the same anomalous reactivity to base as the g-glyceryl
methyl phosphate diester by giving B-hydroxyethyl phosphate and metharol.
No methyl phosphate was obtained.,7

In 1940 Verkade postulated the presence of a cyclic intermediate
in the acid-catalyzed migration of the phosphofyl grohp of a-glycerol
phosphoric acid.8 Chargaff later showed by using Pfg that this reac-
tion is iptramolecular when catalyzed by acids or by an bppropriate
enzyme..9

Fond in-1947 seems to have been the first to apply the results
of Bailly's studies of the npighboring hydroxyl®s role in the hydrolysis
of phosphodiesters. He suggested the formation of a cyclic triester in
the alkaline hydrolysis of glyceryl alkyl phosphates and then went on to

suggest an analogous triester intermediate to explain the differing

E. Bauer and M. Kates, J. Biol. Chem., 185, 615 (1950).

0. Bailly and J. Gaumg, Bull. soc. chim. France, 3, 1396 (1936).

P, E. Verkade, J. C. Stoppelenburg, and W. D. Cohen, Rec. trav.
chim., 59, 886 (1940).

%k, Chargaff, J, Biol, Chem,, 144, 455 (1942),




reactivities of RNA and DNAD10 Kumler and Eiler had invoked interactions

between hydroxyls on glycerol and sugat rings with the phosphoryl residue

to explain the enhanced acidity of these compounds when compared to phos-

phoric acid itselfo11 The ‘structural implications, of Fond' s suggestion

;
were described in a brilliant paper by Brown and 'I'odd.,12 Earlier it had .
been shown that nucleotides isolated from dilute aqueous solution could -

13,14,15

be resolved'infq two isoméiso The suggested ¢yclic intermediates

would be labile té attack by‘hydrdkide ion with non-stereospecific ring
opening to give a mixture gf_'é°4“and 3* -positionally isomeric nucldo-
tides. |

Cohn and coworkers subjected RNA to a hydroxide ion-catalyzed

hydrolysis in H 018, 16 Phosphate in the product was shown to centain

2
one 018 atom per atom of phosphorus indicating that the phosphorus-

oxygen bond is broken exclusively, and that-the cyclic intermediate was
not a triester as suggested by Brown and Todd12 and Fonga10

Evidence indicating the presence of cyclic intermediates in the

ribonuclease~catalyzed hydrolysis of RNA was supplied by the dilatemetric

10
(1947),
11

A. Fond, Arkiv, Kemi. Mineral. Geol., 244, No. 34, 14, 15

W, D. Kumler and J. J. Eiler; J. Am. Chem. Soc., €5, 2355 (1943).

12
D, M, Brown and A, R; Todd, J, Chem, Soc., 52 (1952),

130° E. Carter and W. E. Cohn, Fed. Proc., 8, 190 (1949).

14H° S. Loring, N. G. Bortner and L. Levy, J. Am. Chem. Soc., 72,
1471, 2811 (1950).

15

W. E. Cohn, J. Am. Chem. Soc., 72, 1466 (1950),

16
(19%4),

D. Lipkin, P. T. Talbert; M. Cohn, J, Am. Chem. Soc., 76, 2871




study of this reaction by Vandendriessche. He observed an initial
increase in the -volume of the reaction solution followed by a sharp
decreaséo17

About the same time as Brown and Todd's suggestion of a cyclic

~ intermediate in the alkaline hydrolysis of RNA, Markham and Smith

succeeded in isolating a substance from a ribonuclease-catalyzed hydrolysis
of RNA which they considered to be a cyclic intermediateol8 Shortly
thereafter théy isolated materials from BaCO3 hydrolysis of RNA19’20
which:were identical with the synthetic cyclic nucleotides prepared by

1

Brown and Todd,2 These cyclic nucleotides were fpund to be unstable

to both alkaline and enzymatic hydrolysis, yielding a mixture of 2'-
and 3“-ﬁonophosphate nucleotides from the basic reaction and the 3' -
nucleotide exclusively from the enzymatié react'ion.zz’22a

At this point it seemed clear that RNA is depolymerized by an

internal transesterification to form nucleotide diéstef'intermediates

which in turn are hydrolyzed to monophosphate nucleotides.

L. Vandendriessche, Acta. Chem. Scand., 7, 699 (1953).

R. Markham and J. D. Smith, Nature, 168, 406 (1951).
R. Markham and J. D. Smith, Biochem. J., 52, 552 (1952).
’R. Markham and J. D. Smith, ibid., 558 (1952).

D. M. Brown and A. R. Todd, J. Chem. Soc., 2708 (1952).

22D, M. Brown and A. R. Todd, ibid., 2715 (1952).

223Bovine pancreatic ribonuclease is specific for the pyrimidine
nucleotides. Purine nucleotides do not act as substrates for it.




:Model Systems

The intermediate cyclic diester is of considerable interest
because it is a réactiv;idiestér of’phosphoric"écida As has already
been pointed out norméilﬁﬁosphate diesters are unreactive when treated
with aqueous base. This ahomaly stimulated more detailed reséarch on
fivawmemberedrcyclic phosphates. ‘Coxg Westheimer and Kumamoto succeeded
in synthesizing:the simplist such cyclic ester; ethylene phosphate.
.This compound wae shown to be hydrolyzed in basic solution about 107
times more rapidly than its acyclic analog, dimethyl phosphate. This

reaction is first-order in nydroxide ion and in substrateu23

. : 'oi,ocri K, Cip = G,
HO=CH, = CH, = 0 = P\o(“)a m o\p/o (Eq. 1)
S
CH,OH
S © (s
o\p/o &W HO = CH, = CH, = 0 = PO, = (Eq. 2)
7 Nol=)

One of the reasons for the great reactivity of the five-membered cyciic
phosphate is a ring strain of about 5.5 kcal./mole. This value was
obtained by measuring the difference in the heats of hydrolysis betwesn

ethylene methyl phosphate and f~hydroxyethyl dimethyl phosphatee24

23Je Kumamoto, J. R, Cox, Jr. and F. H. Westheimer, J. Am. Chem,
Soc., 78, 4858 (19%6),

245, R, Cox, Jr., R, E, Wall and F. H. Westheimer, Chem, Ind.
(London), 929 (1959},
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A number of phosphate esters with hydroxyl groups located close
to the phosphoryl group have been synthesized and studied kinetically.
These compounds would be expected to hydrolyze by a reaction pathway

similar to that of RNA. The cis and trans-2-hydroxycyclohexyl benzyl

phosphates were prepared and their reaction studied in an alkaline
solution.?> The trans form hydroiyzes about half as fast as the cis
isomer although both compounds react much more readily than dialkyl
phosphates, Th; cis form apparently allows easier formation of a ring
which is less strained than that bf the trans isomer.

Reactions involving other phosphate diesters with an adjacent
hydrogyi available to mttack the phosphoryl phosphorus have been per-
_formeda26 The benzyl, méthyl and glyceryl esters of ¢is-2-hydroxy -
cycloheiyl phosphate are all hydrolyzed rapidly in alkaline solution to
yield cis-2<hydroxycycloheéxyl phosphate. These compounds react in the
order benzyl < methyl < glyceryl. This indicates that the ring-forming
step of the reaction involving phosphorus-oxygen bond breaking is rate-
controlling because each of the three esters produce the same cyclic
'diester intermediate. Similar results were abtained using the methyl and
phenyl esters of 2-hydroxypropyi phosphate=27

In all the cases described above the reaction was found to be
first-order in hydroxide ion and in substrate. The kl/k2 ratio of

less than 1 found in these reactions 1s in contrast, then, to that in

the case of RNA.

2%, Brown and H. M. Higson, J. Chem. Soc., 2034 (1957).

26Dc Brown, G. E. Hall and H. M. Higson, J, Chem. Soc., 1376 (1988).

27D, M. Brown and D, A. Usher, Proc. Chem, Soc., 311 (1963).




RNA, therefore; in alkaline solution reacts to form a highly
reactive five-membered phosphate ring more rapidly than the ring can“
react to form product. This presents an interesting situation and alse
provides an opportunity to learn more about the mode of action of
ribonuclease in depolymerizing ribonucleic acid, It should be recalled
that the alkaline hydrolysis of RNA appears to occur by approximately
the same pathway as the hydrolysis catalyzed by ribonuclease, the chief
difference being the relative magnitudes of the rate constants for the
two individual steps.

It is proposed in this work that the reason for the described
contrast in hydrelytic behavior between RNA and the model compounds
described aone_is an eﬁtropy advantage caused by the geometry of the
pentose ring of RNA. The_favorable geometry is due to a dihedral angle
of almost zero, between thé g-hydroxyl group and the phosphoryl grouy
at the 2'- and 3'-~ positions. The hydroxyl group is held by this struc-
ture in a favorable position to attack the phosphoryl phosphorus. All
the other model compounds discussed above either allow free rotation

about the carbon-carbon bond which joins the hydroxyl and the phos-

phoryl; or hold the reacting groups c¢lg or trans on a cyclohexyl ring.

The dihedral angle in question, even in the more favorable ¢is form of
the cyclohexyl ring, is approximately 609,

It is proposed to synthesize a fi-hydroxyl phosphate diester
which duplicates the geometry of the five-membered péntose ring of
D=ribose, and to compare its rate of alkaline hydrolysis to that of a
medel of the cyclic intermediate, which also contains a D-ribose-like

ring, To achieve this end, cyclohexylammonium g¢js-3-hydroxy-4-tetrahydro-
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furanyl methyl phosphate (I) and cyclohexylammonium cis-3, 4-tetra-
hydrofuranyl cyclic phosphate(II) have been prepared and the rates of
their reaction (Equations 3 and 4) in sodium hydroxide solution stud-

jed.

g +CHOH {Eq. 3)

0
&) \N."
//P\ =)

0 0

“-T:%“;“%ﬁ . | {Eq. 4)
OH H.0O 0 OH

Ng .
2
0//P\0 (,,)H \Poa(s)

The ratio of kl/k2 obtained, will then be compared to that
of the other models and an assessment of the importance of the D-ribose

ring geometry to the relative magnitudes of kl ‘and k, will be madae.
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CHAPTER 11
EXPERIMENTAL

Instrumentation

All infrared spectra were taken on the Perkin-Elmer Infracord
spectrophotometer and were calibrated with the 6.23 u band of polysty-

rene. All pH measurement were made with the Beckman model G pH meter.

Synthetic

meso=-Erythritol

meso-Erythritol was prepared by the method of Reppe,28 cis-2-
Butene-l,4-diol, 246.0 g., (3.0 mole), water, 250.0 g., and one half g.
of osmium tetroxide were mixed and cooled to 0°. An aqueous solution
of 290 ml. of a 35 percent solution of hydrogen peroxide (3.0 mole) was
added to this mixture over a period of four hours with stirrings the
temperature was kept between 0 and 10°. The orange reaction mixture
was treated with ca, five g. of zinc dust to reduce the osmium oxides and
filtered under reduced pressure. The resulting solution was concentrated
on a rotary evaporator at 35° until crystals of mesc-erythritol appeared.
This mixture was worked up by‘cooling and adding an equal volume of
methanol. Several crops of white crystals were obtained. THe meso-
erythritol was recrystallized from water by the addition of an equal

volume of methanol to give 150.0 g, {48.0%) of pure white crystals,

2BW, Reppe and coworke?s, Ann., 596, 137 (1955).
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28

m, p. 119-120° (1it., 120°),

ci5—394=Dihxdroxytetrahydrofuran29

A mixture of 104,5 g. (1.0 mole) of meso-erythritol and 1.7 g.
of p-toluenesulfonic acid was heated at 100° under reduced pressure
(0.5 mm.). A clear, colorless oil distilled directly from the reaction
mixture. This liquid was redistilled under vacuum to yield 65.0 g.
(75.0%) of cis-3;4-dihydroxytetrahydrofuran; b.p. 119-120° (0,60 mm.).

29

(1it.,“” b.p. 118° at 0.5 mm.).

Methyl Phosphorodichloridite

This compound was prepared by the general method of Malowan;,

Martin and Pizzolato°30

To 275.0 g. (2.0-mole) of phosphorus trichloride
cooled in an ice-salt bath was added 64.0 g. (2.0 mole) of methanol with
vigorous stirring. The resulting reaction mixture was fractionated
through a 100 cm., vacuum=jacketed column packed with glass helices to
yield 88.0 g, (3300%) of methyl phosphorodichloridite; b.p. 90-92° at

31

atmospheric pressure (lit., bop0758 95-969),

Methyl gis-—-3,4-Tetrahydrofuranyl Cyclic Phosphite

A mixture of 190.0 g. (0.20 mole) of cis-3,4-dihydroxytetra-
hydrefuran and 60.0 g. (0.40 mole) of triethyiamine was placed in

200,0'ml. of dry ether and cooled in an ice-salt bath. To this; 25.0 g.

29, M. Himel and L. O. Edmonds, U. S. Patent 2,572,566 (1951).
(C. A., 46, 6157 (1952)], '

30J° E. Malowan, D. Martin and P. T. Pizzolato, in "Inorganic
Syntheses,”™ Vol. 2, McGraw-Hill Inc., Maple Press Co., York, Pa., {(1953).

31Kosolapoffp p. 199,
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(0.20 mole) of methyl dichlorophosphite, dissolved in 150 ml. of dry
ether, was added slowly and with vigorous stirring. The triethylamine
hydrochloride formed was removed by filtration under reduced pressure
and the filter cake washed several times with dry ether. These washings
were added to the reaction solution and stripped on a rotary evaporator.
A clear yellow liquid resulted which upon distillation under vacuum
yielded 13.1 g, (47.0%) of a clear colorless liquid, b.p. 67-68°

(1.0 mm. ).

Methyl ¢is-3;4-Tetrahydrofuranyl Cyclic Phosphate,

The phosphite was oxidized by the method of Coxo32 Twenty~six g.
(0.14 mole) of cis-3;4-dihydroxytetrahydrofuranyl methyl phosphite was
cooied in an jce-salt bath to <10°, Into this liguid NO2 gas was
bubbled until a greenish color appeared. The reaction mixture was
distilled under vacuum and yielded 14.6 g. (71.4%) of the desired phos=
phate, b. p. 135-138° (0,10 mm.). This material formed large needles

after standing at room temperature in a sealed container several months.

Cyclohexylammonium cis-3,4~Tetrahydrofuranyl Cycliqrphpsphateaa

10.4 g, (0.10 mole) of meso-erythritol and 9.8 g. (0.10 mole) of
concentrated phosphoric¢ acid were heated at around 125° for 75 hours.
The resulting brown, amorphous solid reaction mixture was shaken with

cold absolute ethanol to dissolve any reaction by=products. The ethanol-

323§ R. Cox; Jr. and F. H. Westheimer;, J, Ams Chem. Soc.; 80,
5441 (1958).

33

N e e
P, Carre, Anns. Chim., [8], 5, 385 (1902),
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insoluble cis-3,4-tetrahydrofuranyl cyclic phosphoric acid was isolated
by gravity filtration and washed five times with small amounts of dry
ether. The fine tan powder was treated with an excess of cyclohexyl-
amine and the reaction mixture was cooled,

The salt was dissolved in cold n-butanol. Treatment of this solu-
tion with dry ether produced a fine white powder which‘was washed sev-
eral times with dry ether and dried under vacuum, Three g. (11.3%) of
the cyclohexylammonium cis-3,4-tetrahydrofuranyl cyclic phosphate were
thus collected.

The infrared spectrum of this material was found to be identical

with that of an anthentic samplee34

Cyclohexylammonium gis-3-Hydroxy-4-tetrahydrofuranyl Methyl Bhosphate

Twenty-one g, (0.12 mole) of methyl‘gig-s,4-tetrahydrofuraqyl
cyclic phosphate was dissolved in water, cooled to -10° by means of an
ice-salt bath, and titrated with a 20.0 percent by weight cyclohexylamine
aqueous solution. The pH changed from 1.0 to 10.0 during the addition.
The resulting solution was frozen with Dry ice-acetone and lyophilizad.
Thirty-two and one half g. of a granular yellow solid was obtained.
Several recrystallizations from ethanol-ether yielded 3,70 g. (7.3%) of

while needles.

Barium cis-3-Hydroxy-4-tetrahydrofuranyl Phosphate

One fourth g.J(ODOOOGB mole) of bis-cyclohexylammonium cis-3-

hydroxy-4-tetrahydrofuranyl phosphate was dissolved in about five drops

34'I'he authentic sample was prepared by Mr. J. Farmer by ring
closure of the trans bromohydrin monophosphate.
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of 50 percent éthanol-water. To this solutioh was added 10.0 ml. of a
saturated barium chloride aqueous solution. This solution was diluted
with 50.0 ml. of ethanol produc1ng a whitée gelatinous preécipitates

This material was reerystall1zed from water by addztlon of several vol=
umes of ethanol énd'£ﬁen digéstéﬁ’td facilitate filtration. This methed

produced from the jelly 0,05°g, (23.0%) of finé white powder

Kinetios

The kinetics of fhe hydroxide ion-catalyzed hydrolysis of éyclo=
hexylammonium gi§6394etétféthT6foahyl cyelic phosphate and cyclohexyl=
ammonium ClS =3= hydroxyw4 tetrahydrofuranyl phosphate were studied by a
titration method 35 1nvolv1ng the measurement of the rate of appearance
of the cis=3-hydroxy=4stetrahydrofuranyl phosphate dlamonu The endpoints
for the titration of the primary and secondary acid ionizatisns o¢cur at
pH 4.3 and pH 8.0 respectively in solutions of ionic strength equal to
one. The proceduré is as follows: 50.0 ml. of standard sodium hydroxide
solution, #ade Up +6-an iohic. stréngth of'bﬁe:ﬁith sodium perchlorate,
was placed in:a péiyethylehe bottle aﬁa'Bféught up to 60.0% in a con=
stght tempéfaturé'Béfhs Approx:mately 150 mg, of the sample salt was
added and 5.00 ml. samples w1thdrawn with a- plpette it known time inter=
valsd These samples of reaction soluthh were guenched lmmedlately in
eficugh 0.1 N hydrechloric acid at 0° to bring the pH to approximately 10.
The pH -was- then adjiisted ©6 B,0 and the velume 6f standard 0.0l N hydro=

chloFié acid solition réequired té charge théugﬁ from B8.0.t6 4.3 measured.

33, Kumamoto, J. R Cox; Jrs; and F, H. Westheimer, Jo Am. Chem.
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Bath temperatures were held constant to within # 0.059,

Product Analysis

The products of the base-catalyzed hydrolysis of the two cyclo-
hexylammonium diesters were studlied as follows: a weighed quantity of
the diester moncanion salt was placed in 5,0 mi. of water with an equi-
molar amount of barium hydroxide octahydrate. This solution was heated
overnight at 60.0°. The reaction mixture was then worked up by adding
30.0 ml. of ethanol and digesting the resulting gelatinous materizl until
it became a fine powder. This was recrystallized once from ethanol-

water and isclated by filtration under reduced pressure,

Determination of the Endp6ints for Titration Between thg:FErst

and Second=Acig;loniiainnsrbfﬂ" -Cyclohex L ammonium.

cis-3-Hydroxy-4~tetrahydrofuranyl Phosphate

A sample of this monophosphate ester salt was placed in a 1.0 N
sodium hydroxide solution. The solution was titrated with a 1.0 N HCl

using a pH meter. The pH vs. volume of 1.0 N HCl data were plotted. The

two endpoints were observed at pH 4.3 and pH 8.0 and correspond to end-

points of the first and second acid ionization of this phosphomonoester.

Treatment of the Experimental Data

Calculations

®

The rate equation (Eq. 1) which describes the alkaline catalyzed
hydrolysis of cyclohexylammonium cis-3-hydroxy-4-tetrahydrofuranyl methyl
phosphaté is in general form that of two consecutive pseudo-first order

reactions with rate constants of comparable magnitudeo36

36A, A. Frost and R. G. Pearson, in "Kinetics and Mechanism," 2nd
ed., John Wiley and Sons, Inc., New York, New York, 1960, p. 167.
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1b wewmieme | k@ - k@ (Ege 1)

Where C is the concentration of dianion formed at time 1, Ao is
the initial concentration of the diester and kl and k2 are the
rate constants for thé first and second steps of the reaction respec-
tively.

Even with t and all the ¢onstants known, it proved impossible
to solve this expression explicitly for klo- Because of this, a trisl
and error solution wat attempted but this method involved long and tedi-
ous ¢alculations. Equation (5) was solved for kl by use of a Burroughs
B-=5000 computero" The program used instructed the computer to perform

a trial and error analysis of the expeérimental data from each kinetic

run97 The computer was instructed to use equation (Eq. %) to calculate
C's using kz, experimental t's and a carefully selected range of
values of kl’ ¢hanging ki in steps of 0,001 minaala The computer
then compared these caleulated (s with-the corresponding experimental
C's and calculated a standﬁrd error from the differences. The value

of kl9
experimefital klﬁ for each kinetie run.

giving C's with a minimum stapdard error was chesen ag the

Correction for bis=Cyclehexylammonium g;gaasﬁydrcxyaAEt@trahydrofuraﬂyl

bis=-Cyclohexylammoniun cia=3-hydrexy-4-tetrahydrofuranyl phesphate
proved to be a difficult impurity to éemQVé from_bofh eyelohexylamménium

phosphodiester compounds without large lesses of the desired diester salts.

37Thi§ program was suggested by Mr. M. Reberts, whose aid is
hiereby gratefully acknewledged,
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It is believed that the dianion has no effect on the rates of reaction
being studied. It was necessary however, to determine the percentage
of dianion present in each salt so that kinetic calculations could be
corrected when necessary. To determine this, a weighed sample of each
preparatipn of the diester salt was dissolved in a 0.001 N sodium
hydroxide solution and titrated quickly with standard 0,01 N hydro-
chloric acid using a pH meterf The resultihg pH vs. volume of 0,01

N HCl added curve showed breaks at pH 8.0 and 4,3, The volume of

0.01 N HCl required to titrate between pH 8 to pH 4.3 gives a direct
measure of the amount of diankon present} The cyclohéxylammonium
gig-a-hydroxy—4-tetr§hydrofurany1 methyl phosphate contained 10.0
percent by weight, Q;g-cyclohexylamgbhium.gig-a-hydroxy—4—tetrahydro—
furanyl phosphate. The cycIohex?laﬁmgnium cis~3,4-tetrahydrofuranyl

cyclit phosphate contained 7.0% by weight of this dianion salt.




21

CHAPTER III
RESULTS

Kinetics

Cyclohexylammonium cis-3-Hydroxy-4-tetrahydrofuranyl Methyl Phosphate

This phosphodiester decomposes in aqueous base in two consecutive
pseudo-unimolecular steps which have rate constants of comparable magni-

tude. The general form of this hydrolysis is as follows:

. k

A 2 3m B (Eqo 1)
N

‘B ———3= C (Eq. 2)

This gives the following three differential rate equations:

dA n m
d,t _klA (Eq"" 3)
dB .. 41 on )

dt - klA sz (qu 4)
d_C s VB & . &
rriie kQB (Eq. 5)

Equation 3 integrates by normal means to yield the following:

A = Ae (Eq. 6)

Where A, is the initial concentration of compound A, A is the con-

centration of éompound A at time t. Substituting this into Equation
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4 yields Equation 7.

_klt
= kA e - k,B (Eq. 7)

Q1Q
i

This equation may be integrated to give the following:

A k -kq t kot
B =21 (f 1" e 2 {Eq. 8)
k, - kl

2
Where B 1is the concentration of ¢ompound B at anytime +t.

A+B+C= A (Eq. 9)

Rearranging Equation 9 give the following equationt

C=A -A-=B (Eg. 10)

Substituting Equations 6 and 8 for A ahd B ik Equation 10 gives the
following equation:

<k, t kot

This equation would give curves of thée typés seen in Figuwe 9, %

A safiple plot of the expériméntal data obtained ih this work
appears in Figure 8, The C curves in Figures 8 and 9 suggest that
the compound being studied is reacting in the manner described above,

Equation 11 was selved by usé of a trial and error computer

prograf and the follewing pseude-unimélecular rate conistants were

Brrost and Pearson, pp. 166=167,
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obtained; k; = 0.116 £ 0,009 min.”! in 0,1008 N sodium hydroxide at
60.0° with an average standard error for each kinetic zun of 1.3 X 10‘30
In order to show that the reaction is first-order in hydroxide ion, it
was run in 0.2044 N sodium hydroxide at the same temperature. A
kl = 0,171 * 0.0i4 minaﬂl was obtained, The standard error for each
kinetic run was 4,6 X 10=ao The ratio of base strengths was 2,03 while
the ratio of rate constants in the two solutions was oniy 1.47. These
data indicate only a rough first-order kinetic dependence upon hydroxide
ion. However, there are two factors to be considered. Firstly, an
experimental error of about eight percent is inherent in the experi-
mental procedure used. Alsoy bringing the ionic strength up to one
witﬁ sodium perchlorate is but a crude correction. The Debye-HUckel
theory does not hold well in solutions as concentrated as these,

The presence of bis-cyclohexylammonium ¢is-3~hydroxy-4-tetrahydro«
furanyl phosphate in the étarting material was corrected for in the com-

puter program used to solve the rate equation.

Cyclohexylammonium ¢is-3,4-tetrabydrofuranyl Cyclic Phosphate

The pseudo-unimolecular reaction of the general type

B —=% C (Eq. 12)
is described by Equation 13.

dB '

gt = k(B8] (Eq. 13)

When Equation 13 is integrated by normal means between the limits,

B = B, when t =0 and B =B when t = 1%, it gives Equation
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14,3%
ok
109, 5~ = 57303 ¢ (Eq. 14)

Where B is the concentration of compound B at time %, Bo is the
concentration of compound B at time = 0 and k2 is the pseudo-upni-
molecular rate constant for this reaction. ITf we let X equal the amount
of C formed at time { and assuming 100 percent reaction of B to

form €, X, = B09 then B = X = X. Substituting this into Equation

14, Equation 15 is obtained.

X, - X k

") . __2‘
logyg ~=x= = 57553 ¢ (Eq. 15)

X and X, are the experimentally determined volumes of 0,01 N HCI
necessary to titrate the dianion phosphate ester produced at times ¢
and infinity, respectively. Plotting of log (X, = X) against t
should give a straight line of slope Bklﬂ A straight line was ob-
tained and at 60.0° the pseudo-unimolecular constant was k2 = 0,0804 «
0.0014 minuel in 0.1003 N sodium hydroxide solution. In order to éhow
that this reaction s first order in hydroxide it was run at the same
temperature but in & 0.2000 N sodium hydroxide. A pseudo-unimolecular

rate constant of k, = 0.121 % 0,001 min.~! was obtained. The ratio of

base stre%gths is 1,99 whersas the ratio of rate constants is 2.47.

This of course is not a strict second order rate dependency upon hydroxide

but taking into consideraztion the same itwo factors as were discussed in

agFrost and Pearsoh, pp. 12-13.
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the case of the cyclohexylammonium ¢is-3-hydroxy-d4-tetrahydrofuranyl
methyi phosphate this ratio is satisfactory. The experimental error
involved in the technique used to obtain these rate constants is about
five percent.

A plot of the reaction data; the valume of Q.01 N HCl vs. time,
gives a simple exponential curve of the expected shape (Figure 10}). The
concentration of C (the dianion salt formed) begins at zero and de-
creases more and more slowly as it approaches infinity.

A sample plot of the log,, (X - X} vs. time is included (Figure
11},

Any dianion impurity present in the cyciohexylammonium ¢is-3-
hydroxy~4=tgtrohydrofurany1 phosphate would have no effect on the rate
constant obtained because it is accounted for-in both X_ and X and

would be removed when the difference is taken.

Product Analyses

The cyclohexylammonium ¢is-3-hydroxy-4-tetrahydrofuranyl methyl
phosphrate gave a 60.7 percent yield of the barium salt of the dianien
whereas the cyclohexylammonium cis-3,4-tetrahydrofiranyl cyclic salt
gave 48.0 percent vield of the barium. salit,

Both salts studied kinetically were expected %o wield the same
p_roducto The infrared spectra in Nujol nulls of these products were
superimposable (Figs. 6 and 7). They were also identical with the
infrared spectrum of the barium salt of <he cis-3-hydroxy-4-tetranydro-
furanyl phosphate obtained from the methyl cis-3;4-tetrahydrofuranyl

cyclic phosphate {Fig. 9).
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Table 1, Data for the Base-¢atalyzed Hydroiysis of
Cyclohexylammenium g¢is-3-Hydroxy-4=-tetra-
nydrofuranyl Methyl Phosphate at 60.09,

Base Pueudo-unimolecular Average valusgs
Concentration ky min, " kg min°“1

0.1003 0.0522

0.1003 0.0489 0.05C4 ¢ 0.0014

$.1003 0.0806

0.1003 0.0322

0. 2000 0.121

0.2000 0.119 0,121 & 0,001

0.2000 0,123

Tonic strength made up to one in all ceses with NaClO4

Table 2, Data for the Base-catalyzad Hydrolysis
of Cyclohexylammonium cig-3,4-Tefra-
hydrofuranyl Cyclic Phosphate at 60.0°.

Base Pseudo- Stenderd Average va%ue

Concentration unimoleculazr Error kz Mifie =
kz mip, "

0.1008 0,126 7,44 X 10”4
0.1008 0.102 1,68 X 1073 0.116 & 0,009
0.1008 0.119 1,43 X 1072
0.2044 0,192 4,48 X 10"
0,2044 0,185 4.1% X 107 0,171 ¢ 0,014
0.2044 0,165 5,18 X 1074

Ionic strength made up to one in all cases with Na0194
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CHAPTER 1V
CONCLUSIONS

The following experimental results were obtained:

1. The base=catalyzed hydrolysis of both model compounds is
first-order in base.

2, The rate of reaction of the médel of the intermediate
compound (I1) i¢ also first-order in substrate.

3. The ratio of rate constants k/k, for the base-catalyzed
hiydrolysis of the model system as determined in this work 15 approxi-
iately €wo.

The above résults irdicate that the model system studied in

his work is an intermediate case; between that of RNA and the modsl

wn
m
©)
y

é¢ompounds réperted by other workers. The ki/kﬁ ritio in the éa

- product igelatien
studies ¢ited, but this fuiber has not been measured kinetigally.

Thig k:-l/k:2 ratic in all the model compounds reportsd préviously is

much less than ofés
Thése results indicate that while the faverable’ geemetry &f

the ifcipient ring members appea¥s €6 give the transition state of the

-

rifng-¢logire etep in RNA an important entropy advantage over that of

the other medel compounds, othez factors aré alse important. Several

&f these pe

fects are listed belew:

sibie &f

w;

hé soufce of another entropy advantage thé RNA hydralysis

—§

1'0'

posséssés over thé mode. systems is the entFepy increase whigh océurs
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when a polymer is broken into smaller fragﬁéhtsn This effect would
involve the ring formation because this is the step in which the RNA
polymer is broken up,

2. The RNA and the modél compéundébdiffer in several struc-
tural features, which may have an effect on the reaction rates. For
instance, the nitrogenous base at the 1’ ~carbon could have a ste;ic
or electronic influence on the alkaline hydrolysis of RNA which would
not be apparent in the model studied.

3. A factor which could be of importance is the secondary
structure of the RNA polymer.

Since the activation energies of depolymerization of RNA have
not been measured, it is difficult to estimate the magnitudes of such
effects and to predict whether they are large enough to explain the
difference in the kl/k2 ratios found in the alkaline hydrolyses of

RNA and the model studied in this work.
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